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HIGHLIGHTS 


•  A  simple  but  effective  new  method  to  fabricate  PFSA/ePTFE  membrane  was  developed. 

•  The  hydrophobic  PFSF  solution  was  utilized  to  resolve  the  impregnation  problem. 

•  The  membrane  properties  are  much  better  than  those  of  traditional  way  made  membrane. 

•  The  new  made  membrane  is  totally  comparable  to  Nation  211  in  PEMFC  performance. 
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Perfluorinated  sulfonyl  fluoride  (PFSF)  resin,  the  precursor  of  perfluorinated  sulfonic  acid  (PFSA)  ionomer 
is  successfully  dissolved  in  perfluorinated  solvents,  and  its  hydrophobic  nature  is  utilized  to  resolve  the 
difficulty  of  impregnating  hydrophilic  PFSA  solution  into  hydrophobic  porous  expanded  polytetra¬ 
fluoroethylene  (ePTFE).  The  composite  membrane  fabricated  through  such  simple  but  effective  method  is 
well  impregnated,  leading  to  better  ionic  conductivity  and  lower  gas  permeability.  The  fuel  cell  con¬ 
structed  with  PFSF  solution  based  membranes  shows  superior  performance  as  compared  to  that  of  its 
aqueous  PFSA  solution  based  counterpart,  which  is  comparable  to  that  of  commercial  Nation®  211. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  the  first  report  by  Penner  and  Martin  in  1985  [1],  PFSA/ 
ePTFE  composite  membranes  have  drawn  great  attentions  [2-8] 
due  to  their  high  tensile  strength,  excellent  dimensional  stability, 
and  low  cost.  Thickness  of  the  composite  membranes  can  be 
reduced  to  as  low  as  5  pm  with  satisfactory  conducting  and  me¬ 
chanical  properties  [9—11],  thus  greatly  lowering  the  production 
cost  by  reducing  the  amount  of  expensive  polymer  electrolyte  [12- 
15].  Despite  their  promising  perspective,  it  is  still  not  particularly 
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suitable  for  commercial  manufacturing  operations  owing  to  the 
difficulty  of  impregnating  hydrophilic  polymer  electrolyte  solutions 
into  hydrophobic  pores  of  ePTFE  [16].  The  voids  or  pinholes  inside 
the  composite  membranes  will  reduce  the  ionic  conductivity, 
meanwhile  increase  the  gas  permeability,  subsequently  deterio¬ 
rating  the  fuel  cell  performance  and  operation  stability.  So  far, 
tremendous  efforts  have  been  made  to  alleviate  such  thorny 
problem,  but  only  met  with  limited  success  [17-23].  For  instances, 
Oh  hot-pressed  hydrophobic  PFSF  resin  on  both  sides  of  ePTFE, 
nevertheless  the  ePTFE  membrane  was  not  well  impregnated  due 
to  the  high  viscosity  of  melting  PFSF  [17].  Shim  sprayed  PFSA  so¬ 
lution  on  double  surfaces  of  the  ePTFE  sheets,  however,  high  gas 
permeability  of  the  resulting  membrane  indicated  the  presence  of 
undesirable  pores  or  pinholes  [18].  Lin  adopted  the  surfactant  of 
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Triton  X-100  to  reduce  PFSA  aggregate  sizes  [19],  and  based  on 
which,  Ramya  studied  the  solvent  effect  on  the  composite  mem¬ 
branes  [20].  Unfortunately,  they  did  not  inherently  resolve  the  in¬ 
compatibility  problem;  meanwhile,  the  troublesome  procedure  of 
impregnating  ePTFE  sheets  with  PFSA  solutions  for  24  h  twice  and 
additional  removing  process  for  the  surfactant  is  inefficient  for 
commercial  fabrication.  Although  well  impregnated  membranes 
were  also  achieved  through  chemical  modification  of  ePTFE  to  in¬ 
crease  its  hydrophilic  [21,22]  or  utilizing  vacuum  pressure  [23], 
such  complicated  processes  inevitably  increased  the  production 
cost. 

Recently,  we  found  that  PFSF  resins  can  be  readily  dissolved  in 
such  fluorocarbon  solvents  as  hexafluoropropene  trimer,  per- 
fluorotributylamine,  tetrafluoroethylene  oligomers  and  perfluoro 
[2-(2-fluorosulfonylethoxy)  propyl  vinyl  ether  at  elevated  temper¬ 
atures  [24,25].  The  hydrophobic  nature  of  PFSF  solutions  makes 
them  excellent  candidates  for  preparing  PFSA/ePTFE  composite 
membranes.  Herein,  we  reported  a  facile  new  method  for  fabri¬ 
cating  such  composite  membranes  based  on  PFSF  solutions.  For 
comparison,  a  well  used  PFSA  solution  consisting  of  4  g  of  PFSA  and 
100  ml  of  isopropanol/water  (4:1  w/w)  mixed  solvent  [20,26-28] 
was  used  as  control.  The  results  clearly  suggest  that  the  new 
technique  can  easily  generate  high  performance  composite  mem¬ 
branes,  whose  fuel  cell  performance  is  comparable  to  well  known 
Nation®  211  membranes,  thus  exhibiting  promising  application 
prospect  in  future. 

2.  Experimental 

2.2.  Preparation  of  PFSA/ePTFE  composite  membranes 


process  were  extended  on  glass  sheets  to  avoid  significant 
changes  of  the  membrane  surface.  A  syringe  was  employed  to  take 
and  generate  a  drop  of  10  ml  of  sample  solution  close  to  the 
membrane  surface. 

2.3.  Characterization  of  PFSA/PTFE  composite  membranes 

The  cross-section  morphology  of  composite  membranes  was 
observed  on  a  field  emission  scanning  electron  microscope  (FESEM, 
JSM-7401 F,  JEOL  Ltd.,  Japan).  Samples  were  coated  with  gold  before 
observation.  Dimensional  stability  of  the  membranes  was  evalu¬ 
ated  by  measuring  the  change  in  three  dimensions  of  dried  (in 
vacuum  at  80  °C  for  24  h)  and  corresponding  swollen  (boiled  in 
distilled  water  at  80  °C  for  1  h)  samples.  Water  uptake  of  the 
membranes  was  obtained  from  the  difference  between  the  weight 
of  the  dried  and  swollen  membranes. 

2.4.  Areal  proton  resistance  measurement 

The  swollen  membranes  were  fixed  in  a  home-made  cell  (as 
shown  in  Fig.  1)  consisting  of  two  mirror  finished  stainless  steel 
electrodes  with  a  holding  setup  for  the  membrane  and  electrodes, 
the  clamping  force  originated  from  the  stainless  steel  bolt  was  fixed 
at  2  N  m-1  through  a  preset  torque  wrench  in  all  test.  Electro¬ 
chemical  measurement  was  carried  out  at  100%  humidity  and  the 
membrane  resistance  was  determined  by  AC  impedance  techniques 
using  Ecochemie  Autolab  PGSTAT302  in  the  frequency  range  from 
100  kHz  to  100  Hz.  The  areal  proton  resistance  of  the  membranes  in 
the  cross-section  was  obtained  through  dividing  the  membrane 
resistance  by  the  active  area. 


4  g  of  PFSF  resin  with  an  IEC  value  of  1.05  meq  g^1  (Dongyue 
Shenzhou  New  Materials  Company  Ltd.,  China)  was  dissolved  in 
100  ml  of  perfluorotributylamine  (Hubei  Hengxin  Chemical  Co., 
Ltd).  Herein,  we  chose  perfluorotributylamine  as  solvent  owing  to 
its  suitable  boiling  point  (~178  °C).  For  low  boiling  point  per- 
fluorinated  solvents,  a  high-pressure  autoclave  must  be  involved; 
for  those  with  even  higher  boiling  points,  they  may  not  be  easily 
evaporated. 

The  mixture  was  stirred  and  refluxed  until  a  clear  solution  was 
achieved.  After  being  washed  with  alcohol  three  times  at  room 
temperature  and  dried  in  an  oven  at  80  °C,  the  porous  ePTFE 
membrane  (Shanghai  Dagong  Comp.,  10  pm  in  thickness,  85% 
porosity,  pore  size  0.1 -0.2  pm)  was  immersed  in  the  PFSF  solution 
for  5  min.  Then  the  impregnated  membrane  was  dried  at  120  °C  for 
5  min.  After  three  cycles  of  repeated  impregnation  and  drying 
processes,  the  PFSF/ePTFE  membrane  was  annealed  at  160  °C  for 
2  h.  Then  the  membrane  was  transferred  to  8  M  NaOH  solution  and 
refluxed  at  80  °C  for  48  h  to  convert  -SO2F  into  -SC^Na  groups. 
After  treatment,  the  membrane  was  repeatedly  immersed  (three 
times)  in  a  fresh  5  M  HNO3  for  1  h  to  finally  yield  the  new  method 
made  PFSA/ePTFE  composite  membrane  (1#). 

For  comparison,  4  g  of  PFSA  derived  from  the  same  batch  of  PFSF 
was  dissolved  in  100  ml  of  isopropanol/water  (4:1  w/w)  mixture. 
Subsequently,  procedure  similar  to  that  of  preparing  the  PFSF/ 
ePTFE  membrane  was  carried  out  to  fabricate  the  traditional  way 
made  PFSA/ePTFE  composite  membrane  (2#).  In  this  work,  the  IEC 
value  of  PFSA  was  verified  through  titration  according  to  the  pre¬ 
viously  reported  procedure  [29]. 

2.2.  Contact  angle  measurement 

Contact  angles  were  measured  on  an  Optical  Contact  Angle 
Measuring  Device  (OCA20,  DataPhysics  Instruments  GmbH, 
German)  using  a  sessile  drop  method.  ePTFE  films  after  clean-up 


2.5.  Single  cell  evaluation  and  hydrogen  crossover 

Above  composite  membranes  were  hot-pressed  with  two  pieces 
of  standard  electrodes  (Shanghai  Hephas  Energy  Co.  Ltd)  consisting 
of  a  gas  diffusion  layer  and  a  catalyst  layer  (catalyst  loading  is 
0.4  mg  cnrT2)  to  obtain  the  electrode  membrane  assemblies 
(MEAs).  The  performance  data  were  collected  from  single  cells  with 
an  active  area  of  5  cm2.  Hydrogen  and  air  were  used  as  fuel  and 
oxidant,  respectively.  The  cells  were  operated  at  80  °C  under  a 
pressure  of  29  psi.  The  hydrogen  and  air  were  humidified  at  80  °C. 
The  gas  flow  rates  at  the  anode  and  cathode  were  kept  at  1  and 
4  slpm,  respectively. 

Potential  step  experiments  [30]  were  performed  to  evaluate  fuel 
crossover  using  Ecochemie  Autolab  PGSTAT302  with  a  flow  rate  of 


stainless  steel  bolt 
electrode 


stainless  steel  cylinder 
insulating  plastics 


membrane 


electrode 


Fig.  1.  Schematic  illustration  of  the  home-made  cell  for  proton  conductivity 
measurement. 
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0.5  slpm  for  humidified  H2  and  N2  at  the  anode  and  cathode  under 
ambient  pressure,  respectively.  The  cathode  (working  electrode) 
potential  was  stepped  from  0.05  to  0.5  V  with  an  increment  of 
0.05  V  s_1,  and  equilibrated  for  3  min.  The  anode  served  as  both 
counter  and  reference  electrodes.  The  steady-state  current  density 
corresponds  to  the  hydrogen  crossover  current  density. 

3.  Results  and  discussion 

For  the  preparation  of  ePTFE  reinforced  ionomer  composite 
membranes  based  on  PFSA  solutions,  the  major  difficulty  is  to 
impregnate  the  hydrophilic  ionomer  into  hydrophobic  ePTFE  sub¬ 
strate.  Reduction  in  the  hydrophilic-hydrophobic  difference  makes 
solutions  impregnate  the  substrate  more  effectively.  Contact  angle 
is  a  direct  indication  of  the  affinity  between  the  liquid  solution 
and  solid  substrate.  As  shown  in  Fig.  2,  the  ePTFE  substrate  is 
completely  wetted  by  PFSF  solution  with  a  contact  angle  as  small  as 
5°,  whereas  that  between  PFSA  solution  and  ePTFE  is  as  high  as  42°. 
These  results  clearly  suggest  that  PFSF  solution  has  much  better 
affinity  and  thus  more  effective  wetting  performance  towards 
ePFTE  than  PFSA  solution  due  to  the  hydrophobic  nature  of  PFSF 
and  perfluorinated  solvents. 

Excellent  affinity  between  PFSF  and  ePTFE  makes  them  inher¬ 
ently  well  contacted,  thus  yielding  lesser  voids  in  the  final  com¬ 
posite  membranes  compared  to  those  of  aqueous  PFSA  solution 
made  membranes.  The  cross-section  morphology  of  both  mem¬ 
branes  was  examined  by  SEM.  As  illustrated  in  Fig.  3A,  the  ePTFE 


A 


Fig.  2.  Contact  angle  of  (A)  PFSF  and  (B)  PFSA  solutions  on  ePTFE  substrate. 


Fig.  3.  Cross-sectional  SEM  images  of  the  ePTFE  reinforced  composite  membranes  1# 
(A)  and  2#  (B). 

substrate  is  well  impregnated  with  the  ionomer  in  PFSF  solution 
made  composite  membrane,  whereas  discontinuous  layers  are 
observed  in  its  PFSA  solution  made  counterpart  (Fig.  3B).  The  result 
indicates  that  the  good  adhesion  between  PFSF  and  ePTFE  can  be 
kept  even  when  PFSF  is  converted  to  PFSA.  Moreover,  it  verifies  that 
the  hydrophobic  PFSF  solution  can  effectively  decrease  or  eliminate 
the  voids  or  pinholes  in  the  PFSA/ePTFE  composite  membranes. 

Typical  physical  properties,  such  as  thickness,  areal  proton 
resistance,  hydrogen  crossover,  water  uptake  and  dimensional 
change,  of  the  composite  membranes  at  20  °C  presented  herein  are 
summarized  in  Table  1.  For  comparison,  those  of  commercially 
available  Nation®  211  membrane  are  also  given  out.  The  water 
uptake  and  dimensional  change  of  1#  are  slightly  higher  than  those 
of  2#.  Water  uptake  is  resulted  from  PFSA  in  the  ePTFE  pores,  which 
subsequently  impacts  on  the  size  of  composite  membranes,  the 
higher  values  of  1#  are  thus  reasonable  because  it  is  well  impreg¬ 
nated  by  PFSA.  That  also  well  explains  the  lower  hydrogen  cross¬ 
over  of  1#.  Compared  with  Nation®  211,  the  composite  membranes 


Table  1 

Some  physical  properties  of  PFSA/ePTFE  and  Nation®  211  membranes  at  20  °C. 


Types  of 
membranes 

Thickness 

(pm) 

Areal  proton 
resistance 
(fi  cm2) 

Hydrogen 

crossover 
(mA  cnrr2) 

Water 

uptake 

(%) 

Dimensional 
change  (%) 

X 

Y  Z 

1# 

13 

0.0202 

2.2 

35 

5.27 

5.22  17 

2# 

13 

0.0239 

2.4 

33 

5.55 

5.06  16 

Nafion®  211 

25 

0.0275 

1.7 

29 

9.5 

9.3  7 
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Fig.  4.  Single  cell  evaluation  of  MEAs  fabricated  with  various  membranes.  Test  tem¬ 
perature  and  back  pressure  are  80  °C  and  29  psi,  respectively. 

exhibit  much  higher  hydrogen  crossover,  much  better  dimensional 
stability  and  slightly  higher  water  uptake,  which  can  be  ascribed  to 
their  thickness  (13  vs.  25  pm)  difference,  the  restriction  effect  of 
ePTFE  and  IEC  value  and  membrane  preparation  condition  differ¬ 
ence  (1.05  vs.  0.95-1.01  meq  g-1),  respectively. 

Single  fuel  cell  tests  were  conducted  to  determine  the  perfor¬ 
mance  of  each  membrane.  Polarization  curves  for  single  cells 
fabricated  with  various  membranes  are  depicted  in  Fig.  4.  The  open 
circuit  voltages  (OCV)  for  the  cells  constructed  with  membranes  of 
1#,  2#  and  Nation®  211  are  0.943,  0.938  and  0.990  V,  respectively. 
The  difference  in  OCV  should  be  ascribed  to  the  gas  crossover 
through  the  membrane  (see  Table  1).  The  cell  fabricated  with 
membrane  1#  performs  better  than  that  constructed  with  mem¬ 
brane  2#  at  all  current  densities,  giving  a  much  higher  peak  power 
density  of  0.748  W  cm-2  compared  to  0.546  W  citT2  for  the  latter.  It 
is  understandable  that  1#  has  much  lower  gas  crossover  rate  and 
areal  proton  resistance  than  those  of  2#.  Moreover,  #1  membrane 
exhibits  comparable  fuel  cell  performance  to  that  of  Nation®  211, 
whose  polarization  curve  and  maximal  power  density  were 
extremely  approaching  to  those  of  Nation®  211.  Such  results  clearly 
suggest  the  excellent  property  of  PFSF  solution  based  PFSA/ePTFE 
membranes,  which  render  them  rather  suitable  for  practical 
applications. 

4.  Conclusions 

A  simple  but  effective  technique  to  prepare  well  impregnated 
PFSA/ePTFE  composite  membranes  was  successfully  developed. 
Thanks  to  its  hydrophobic  nature,  PFSF  solution  can  facilely  pene¬ 
trate  into  the  thin  porous  ePTFE  substrate,  thus  perfectly  resolving 
the  difficulty  to  impregnate  hydrophilic  PFSA  ionomer  into  hydro- 
phobic  ePTFE.  The  obtained  membrane  shows  much  lower  gas 
crossover  rate  as  well  as  areal  proton  resistance  than  those  of  its 
PFSA  solution  based  counterpart,  and  subsequently  exhibits  much 


better  single  fuel  cell  performance.  Moreover,  the  fuel  cell  perfor¬ 
mance  of  PFSF  solution  based  membrane  is  comparable  to  that  of 
commercial  Nation®  211.  Such  results  indicate  the  promising 
prospect  of  PFSF  solution  technology  and  its  corresponding  com¬ 
posite  membranes. 
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